ABSTRACT The nature of the Ca++-sensitive regulatory system for contraction of vascular smooth muscle is considered in detail. Smooth muscle actomyosin prepared from the medial layer of porcine aorta is analyzed chemically and its ATPase (adenosinetriphosphatase, EC 3.6.1.14) activities are investigated. The Mg++-ATPase of this vascular actomyosin is sensitive to the concentration of calcium in the range from 0.1 mM to 10 nM. The calcium sensitivity is maintained in the presence of excess pure actin from skeletal muscle and is abolished in the presence of pure skeletal myosin. It is concluded that the regulatory properties of this natural actomyosin from smooth muscle are in the myosin portion of the protein complex and are not bound to actin-tropomyosin as in skeletal muscle.
A detailed understanding of the mechanism of contraction in vascular smooth muscle requires a knowledge of the structural and chemical changes in all the proteins that cooperate during the contractile cycle. Although many of the general features of striated muscle contraction are present in vascular smooth muscle, the systems are by no means identical; differences in the contractile proteins from the two systems undoubtedly influence the mechanism of contraction at the molecular level.
In vertebrate striated muscle, contraction is regulated by troponin whose action is relayed to actin through tropomyosin (1) . In the absence of calcium ion (<10 nM), troponin and tropomyosin inhibit the binding of actin to myosin and prevent the actin-activation of the myosin Mg++-ATPase (adenosinetriphosphatase, EC 3.6.1.14). When the intracellular calcium level rises as a result of the nerve impulse, Ca++ binds to troponin, the inhibitory effect is abolished, and actin and myosin can interact to produce contraction. In a number of invertebrates (2, 3) , troponin is absent and contraction is regulated by a myosin light chain, which in the native complex binds calcium and allows the interaction of actin and myosin.
The nature of the regulatory mechanism in vertebrate smooth muscle is not clear. An early report by Carsten (4) has identified troponin in uterine smooth muscle. Investigations of gizzard contractile proteins have provided no evidence for troponin (5) (6) (7) (8) , and have implicated in one case a myosinmediated regulation (6, 7) , and in another an actin-linked protein unlike troponin (8) . While some studies of the actomyosin from carotid arteries have given evidence for a troponin, or troponin-like protein in the regulation of contraction (9) , others have found no indication of actin-mediated regulation but rather point to myosin-linked control (10) .
The present investigation of actomyosin from porcine aorta shows that this smooth muscle system of mammals is regulated by a calcium sensitive mechanism which is contained in the myosin portion of the native contractile complex.
MATERIALS AND METHODS Preparation of Tissue. Abdominal aortas from 6-to 8-month-old hogs were obtained within 30 min of the death of the animals, placed in cold isotonic saline, and transported to the laboratory. All subsequent operations were performed at 4-5°. The vasa vasorum and adventitial tissue were dissected from the media. The 15-20 cm whole aorta segments were strung on a plastic rod, clamped to a ringstand, to facilitate dissection. Cleaned aortic media was further washed in fresh saline, minced (approximately 8 mm3 fragments) with a butcher's cleaver, blotted, and weighed. Minced media was used immediately for the preparation of arterial actomyosin or, alternatively, was suspended in an equal volum'e of cold saline and the suspension mixed one to one (vol/vol) with cold glycerol. After 36 hr at 4-5°, the glycerinated aorta was transferred to the freezer (-20°). Material treated in this way and stored for as long as 10 weeks contains biologically active actomyosin indistinguishable from that of fresh aortic media. Failure to pre-incubate media in glycerol at 4-50 before storage results in reduced yield and reduced activity of the actomyosin.
Preparation of Arterial Actomyosin. The procedure used was modified from that of Sparrow et al. (11) . Twenty grams of washed media was gently stirred for 20 min at 50 with 8 volumes of cold isotonic saline to remove glycerol. The supernatant was discarded and the wash procedure repeated five times. Washed media was suspended in 50 ml of 80.0 mM KC1-4.0 mM MgCl2-4.0 mM EGTA [ethylene glycol-bis(#-aminoethyl ether)-NN'-tetraacetic acid]-4.0 mM ATP-0.5 mM DTT(dithiothreitol)-20.0 mM Tris-maleate at pH 7.0; two equal aliquots of the suspension were homogenized with a Brinkmann Polytron. Three 30-sec-pulses of the homogenizer at maximum power with a 2 min incubation at 00 after each were sufficient to disrupt the tissue satisfactorily. The homogenate was gently stirred for [8] [9] [10] hr; 50.0 mM ATP at pH 7.0 was added to an additional 1.0 mM concentration; the supernatant was decanted, another 30 ml of extraction buffer added to the residue, and the homogenization-extraction procedure repeated exactly, with the exception that stirring was stopped after [4] [5] [6] 20-240, then by a 10 min incubation in a boiling-water bath.
Electrophoresis was routinely carried out in 5 mm diameter disc gels consisting of 4.78% acrylamide-0.13% bisacrylamide-0.1% NaDodSO4-50 mM sodium phosphate at pH 7.0 at 5 mA per gel. Gels were scanned at 560 nm with a Gilford spectrophotometer equipped with a scanning attachment.
Adenosinetriphosphatase (ATPase) Assays. Assays were carried out by incubating the protein solutions for various times with ATP at particular ionic strengths and divalent cation concentrations. The reaction was stopped by precipitation of protein with 0.25 ml of 50% trichloroacetic acid (TCA) per ml of incubation mixture. The precipitate was removed by filtration through Millipore filters (0.45 ,Am pore size) or by centrifugation. Determination of orthophosphate in the supernatant was by the Fiske-Subbarow procedure (15) with acidified ammonium molybdate (10.0 mM in 1.25 M H2SO4; 0.5 ml of acidified ammonium molybdate was added per ml of TCA supernatant) to form phosphomolybdate, then by reduction of the phosphomolybdate to phosphomolybdenum blue with 0.5 mM 1-amino-2-naphthol-4-sulfonic acid, 65 mM NaHSO3-Na2SO3 at pH 4.7; 125 ,ul of this solution was added per ml of TCA supernatant. Absorption was determined at 620 nm. Standard solutions of K2HPO4, in the same buffer as the TCA filtrate, were used as controls with each enzyme assay.
To eliminate error due to the hydrolysis of ATP by TCA, ATP was added to aliquots of protein solution at specific intervals (usually 100 sec); then TCA was added to all aliquots. The reverse of this, i.e., addition of ATP at time zero with TCA added at intervals, always results in somewhat lower apparent specific activities, and significantly higher apparent calcium sensitivities.
Protein Determination. Protein was determined by an automated (Technicon-Autoanalyser) modification of the method of Lowry et al. (16) with a 1:1 (wt/wt) mixture of bovine serum albumin:lysozyme as standard. Skeletal muscle myosin concentrations were occasionally determined from absorbance at 277 nm by using an extinction coefficient of 0.587 ml/mg per cm (17) .
Nucleic Acid Determination. Nucleic acids were extracted from tissue homogenates and extracts by the method of Schneider (18) . DNA was measured by the diphenylamine method (18) with calf thymus DNA (Type I) as a standard; RNA was determined by the'orcinol reaction (18) with yeast RNA as a standard.
Lipid Determination. Lipid was removed from tissue homogenates and extracts with chloroform-methanol (19) and determined gravimetrically (20) .
Other Materials. DTT, EGTA, ATP, Tris (Trizma base), NaDodSO4, ammonium molybdate, 1-amino-2-naphthol-4-sulfonic acid, bovine serum albumin, calf thymus DNA, and yeast RNA were obtained from Sigma; hen egg-white lysozyme, from Calbiochem. All other chemicals were enzyme or reagent grade.
Water for all aqueous solutions was twice filtered through 
RESULTS

Analysis of arterial extract
Porcine aorta was chosen as the source of actomyosin from vascular smooth muscle because it is readily available and, more importantly, because the animal has been shown to be a good model for vascular disease in man (21) . Although aortic media is considerably more difficult to disperse than the media of carotid or other smaller arteries, the smaller vessels contain a greater proportion of intimal endothelial cells and are likely to be contaminated with fibroblasts from the more-difficult-todissect adventitia. The aortic media contains a homogeneous group of cells (Fig. 1) ; actomyosin of smooth muscle cell from this source is not likely to be contaminated with cytoplasmic actomyosins from other cell types. The elastin and collagen that comprise the extracellular matrix are the major proteins of the aortic media; these are removed in the first step of the preparation.
The arterial actomyosin prepared as described under Materials and Methods shows three major bands on NaDodSO4-polyacrylamide gel electrophoresis (Fig. 2a) (Table 2 ). The dependence of Ca++-ATPase activity on ionic strength is shown in Fig. 3 . The calcium activation of the ATPase at high ionic strength is a characteristic of myosins from all sources and is one of the properties that distinguishes the contractile protein ATPase from other ATPases.
The actin-activated Mg++-ATPase which is physiologically more important, at low ionic strength, has 10 to 20 times less specific activity than the high ionic strength Ca++-ATPase; and, as reported by others for carotid artery actomyosin (9, 11, 22) , the Mg++-ATPase is sensitive to the calcium ion concentration in the 0.01-100 AM range (Fig. 4 That all muscles contract in response to an increase in intracellular calcium concentration is accepted by most as an obvious conclusion based on a great deal of experimental evi- The myosin-mediated regulatory system observed here for porcine aortic actomyosin represents the manifestation in mammals of a protein complex previously thought to be confined to more primitive animals (2, 3) . That the Mg++-ATPase calcium regulation of aortic actomyosin is retained and somewhat enhanced in the presence of rabbit skeletal muscle actin, devoid of troponin and tropomyosin, indicates involvement of aortic myosin, presumably through one of the light chains, in the regulatory mechanism. This is further supported by the observation that a mixture of pure myosin from rabbit skeletal muscle and aortic actomyosin exhibits Mg++-ATPase activity independent of Ca++ or EGTA concentration. In this case, the striated muscle myosin Mg++-ATPase is activated by aortic actin; the absence of calcium regulation indicates that the e 0. smooth muscle actin contains no troponin or troponin-like regulatory protein.
As is the case with calcium sensitivity, the nature of the regulatory system in smooth muscles is obscured by conflicting observations. Both actin-linked (8) Subtle changes in the smooth muscle thin filaments upon activation of the actomyosin complex by calcium cannot be ruled out simply because the system is regulated through myosin. Working with thin filaments from reconstituted skeletal muscle, Gillis and O'Brien (24, 26) have shown that, in addition to abolishing the inhibitory effects of troponin, the presence of calcium produces a slight unwinding of the F-actin doublehelical core; this can put the actin helix in register with myosin crossbridges in the thick filament. Although the contractile protein system of skeletal muscle is clearly regulated by an actin-linked mechanism, there is some hydrodynamic (28) and x-ray diffraction evidence (29) that there may be calciumdependent structural changes in the myosin filaments of the striated muscle. Detection of such changes in the contractile apparatus of smooth muscle will require a considerable advance in current methods.
The presence of myosin-mediated calcium regulation 20 10 0.
